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SUMMARY 


The  National  Aeronautical  Establishment 
has  installed  a  turbulence  instrumentation  package  and 
memory  recorder  on  a  USAF  RB-57F  weather  recon¬ 
naissance  aircraft  at  Kirtland  Air  Force  Base,  New 
Mexico.  Theobjectof  the  project,  named  "Coldscan", 
is  to  record  turbulence  encounters  and  temperature 
changes  on  routine  weather  patrol  and  training  flights 
at  altitudes  above  50, 000  feet.  A  description  of  the 
instrumentation  system  and  its  operation  is  presented 
along  with  example  data  from  two  of  the  first  project 
flights.  These  initial  results  are  most  significant 
for  the  magnitudes  of  the  temperature  gradients  en¬ 
countered  near  60, 000  feet. 
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INSTRUMENTATION  OF  AN  RB-57F  TO  MEASURE 
HIGH-ALTITUDE  TURBULENCE  ENCOUNTERS 

1.0  INTRODUCTION 

A  considerable  amount  of  atmospheric  turbulence  data  has  been  reported  in 
f’ec'mt  years  for  aircraft  flying  in  the  troposphere.  Studies  have  included  the  detailed 
measurement  of  turbulence  by  specially  instrumented  military-type  aircraft,  as  well  as 
the  recording  of  turbulence  encounters  on  routine  flights  by  commercial  transport  air¬ 
craft.  The  British  Civil  Aircraft  Airworthiness  Data  Recording  Programme  the 
NASA  VGH  data,  for  example,  have  produced  much  valuable  information  on  the  opera¬ 
tion  of  civil  aircraft  on  routes  all  over  the  world.  However,  since  aircraft  are  now 
being  constructed  to  fly  at  altitudes  in  excess  of  40, 000  feet,  there  is  a  need  to  accu¬ 
mulate  information  on  atmospheric  conditions  at  these  altitudes.  Few  aircraft  at  present 
operate  routinely  above  40,000  feet,  the  RB-57F  of  the  USAF  Air  Weather  Service  being 
a  notable  exception  (Fig.  1). 

In  a  co-operative  program  labelled  "Coldscan",  the  NAE  has  recently  installed 
a  turbulence  instrumentation  package  and  a  memory  recorder  on  a  USAF  RB-57F  of  the 
58th  Weather  Reconnaissance  Squadron,  Kirtland  Air  Force  Base,  New  Mexico.  The 
aims  of  the  project  are  to  study  each  encounter  with  high-altitude  turbulence  with  regard 
to  future  civil  aircraft  operations,  to  relate  the  nature  and  severity  of  the  turbulence  to 
geographical  position  and  meteorological  conditions,  and  to  investigate  the  correlation 
between  turbulence  and  horizontal  temperature  gradients. 

This  report  will  describe  the  recorder  and  instrumentation,  outline  their  flight 
operation,  and  serve  as  a  reference  for  future  reports  that  present  the  results  of  this 
investigation.  Example  data  from  two  of  the  first  project  flights  will  be  presented  and 
discussed. 

2.  0  DESCRIPTION  OF  THE  INSTRUMENTATION  SYSTEM 

The  instrumentation  system  has  been  designed  to  fulfill  the  measurement, 
analysis,  and  operational  requirements  of  the  Coldscan  program.  It  is  an  automated 
system,  continually  scanning  the  data  and  recording  only  when  significant  parameter 
changes  have  occurred.  The  basic  system,  as  shown  in  Figure  2,  includes  the  trans¬ 
ducers,  a  signal  conditioning  unit,  logic  modules,  an  in-flight  calibrator,  a  digital  time 
clock,  a  recorder  control  unit,  and  a  seven-channel  FM  magnetic  tape  memory  recorder. 

2. 1  The  NAE  Memory  Recorder 

The  disadvantage  of  most  airborne  systems  that  record  turbulence  encounters 
on  routine  flights  is  that  they  record  continuously,  so  that  hours  of  flight  data  must  be 
scanned  to  reveal  a  single  incident.  The  NAE  memory  recorder  overcomes  this  dis¬ 
advantage  by  virtue  of  its  "memory  storage"  capability.  The  recorder  has  two  tapes, 
a  loop  with  a  two-minute  period  and  a  reel  for  permanent  record  (Fig.  3).  The  moni¬ 
tored  parameters  are  continuously  recorded  on  the  tape  loop  and  are  simultaneously 
scanned  by  the  exceedance  detectors  for  parameter  fluctuations  exceeding  preset  values. 
If  an  exceedance  does  occur,  the  control  logics  actuate  the  tape  reels  for  the  data  trans¬ 
fer  from  the  loop  to  the  storage  tape.  The  two  minutes  of  recorded  data  prior  to  the 
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exceedance  are  retained,  along  with  the  exceedance  as  long  as  it  persists,  plus  the  two 
minutes  of  data  following  the  incident.  The  supply  reel  contains  approximately  five 
hours  of  tape,  so  that  as  many  as  75  incidents  can  be  recorded  on  each  storage  reel. 

2. 2  Transducers 

Parameters  that  are  measured  for  the  Coldscan  program  are  shown  in  Tablet. 
Along  with  each  parameter  is  listed  the  type  of  transducer,  its  location  on  the  aircraft, 
and  the  recorded  range  of  each  variable. 

2.  3  Signal  Conditioning  and  Recorder  Control 

The  signals  from  the  transducers  are  fed  into  the  signal  conditioner  where 
demodulation,  amplification,  tnd  filtering  are  carried  out  as  necessary  (Fig.  4). 

As  the  aircraft  climbs  through  40,  000  feet,  the  altitude  exceedance  detector 
turns  the  loop  on  automatically  and  arms  the  reel  to  reel  drive.  The  data  on  the  loop 
will  be  transferred  to  the  reel  tape  whenever  one  or  more  of  the  following  parameters 
exceed  a  preset  level  (Table  2): 

(i)  level  of  normal  acceleration; 

(ii)  rate  of  change  of  indicated  airspeed; 

(iii)  rate  of  change  of  total  temperature. 

The  reel  is  activated  for  approximately  four  minutes.  At  any  time  during  the  four- 
minute  period,  the  control  logics  may  be  reset  by  a  further  exceedance.  During  the 
sequence,  the  information  from  the  loop  is  transferred  to  the  memory  reel  as  follows: 

(i)  the  two  minutes  preceding  the  incident; 

(ii)  a  time  code  superimposed  on  the  altitude-coarse  signal  eight  seconds 
after  the  incident; 

(iii)  the  exceedance  and,  one  minute  later,  a  calibration  sequence  lasting 
two  seconds; 

(iv)  the  final  two  minutes  of  succeeding  data. 

Both  the  loop  and  the  reel  drive  can  also  be  controlled  manually  by  the  control 
unit  located  in  the  navigator's  left-hand  console  (Fig.  6).  When  selected  manual,  the 
loop  will  remain  on  indefinitely.  The  reel  switch,  although  spring-loaded  in  the  "auto¬ 
mode"  position,  can  be  manually  initiated  to  make  a  permanent  record  of  any  occurrence 
judged  significant  by  the  navigator,  but  which  did  not  activate  the  reel  automatically. 

2.4  Digital  Time  Clock 

Figure  7  shows  the  NAE-ME  digital  clock  that  has  been  installed  in  the  left 
console  of  the  navigator’s  station.  The  function  of  the  clock  is  to  provide  a  time  ref¬ 
erence  for  correlating  geographical  position  and  meteorological  conditions  with  tur¬ 
bulence  encounters. 

The  clock  has  five  registers,  capable  of  counting  to  99999  minutes,  or  about 
70  days.  It  is  operated  from  batteries  that  are  charged  when  aircraft  power  is  applied 
to  the  system.  The  time  is  displayed  digitally  to  the  navigator  and  is  automatically 
recorded  on  the  coarse  altitude  trace  at  the  beginning  of  each  incident.  A  push-button 


is  provided  on  the  face  of  the  clock  for  event-marking  of  each  incident  by  the  navigator. 


3.  0  GEOGRAPHICAL  POSITION  AND  THE  NAVIGATOR'S  LOG 

Because  this  instrumentation  is  carried  on  routine  flights  during  which  other 
experiments  and  training  are  done,  the  system  was  designed  to  be  almost  completely 
automatic,  depending  on  the  navigator  for  monitoring,  comments,  and,  most  important, 
navigational  data  accurate  to  within  three  miles.  Each  time  an  exceedance  occurs,  the 
amber  reel  light  on  the  control  panel  indicates  to  the  navigator  that  a  permanent  record 
of  the  incident  is  being  recorded.  The  navigator  then  completes  the  data  log  (Table  3) 
for  this  event  and  writes  the  digital  clock  time,  not  only  in  the  log,  but  also  on  the  route 
map  at  the  position  of  the  incident.  The  digital  clock  time  therefore  serves  as  the  identi¬ 
fying  link  between  each  tape-recorded  turbulence  encounter  and  the  navigator's  com¬ 
puted  geographical  posifir,ri  'Nervations.  By  also  marking  tl.-  clock  time  on  the 
route  map  at  major  course  changes,  the  navigator  ensures  that  geographical  positions 
can  be  interpolated  on  tape  playback  for  any  incidents  that  escaped  his  notice. 


4.0  PROJECT  FLIGHTS 

It  is  expected  that  the  RB-57F  with  the  NAE  turbulence  instrumentation  and 
memory  recorder  will  average  about  two  flights  a  week,  mostly  on  routine  operational 
and  training  missions  at  cruising  altitudes  from  50,000  to  above  60,  000  feet.  Durations 
of  the  flights  will  vary  from  two  to  seven  hours  with  an  anticipated  average  of  five  hours. 
With  the  present  exceedance  levels  in  the  recorder  control  logics,  tapes  will  likely  only 
have  to  be  changed  about  once  a  month. 


5.0  FLIGHT  DATA 

Traces  from  two  of  the  first  Coldscan  project  flights  (#2  and  3)  are  presented 
in  Figures  8  and  9.  The  advantage  to  data  analysis  of  the  memory  recorder  concept  is 
apparent  from  these  two  Figures,  as  all  of  the  incidents  that  occurred  during  seven  and 
one -half  hours  of  flight  are  represented  by  only  41  minutes  of  tape.  A  discussion  of  the 
data  from  each  of  these  flights  follows. 

5. 1  Flight  #2,  January  31,  1969 

Flight  #2  was  a  four -hour  and  20-minute  flight  over  New  Mexico  at  altitudes 
exceeding  60,  000  feet.  Six  exceedances  were  recorded  at  the  geographical  positions 
labelled  2-1  to  2-6  on  the  route  map  of  Figure  10.  The  information  from  the  navigator's 
data  log  for  this  flight  appears  in  Table  3.  Note  that  the  navigator  has  recorded  the  last 
incident  on  his  data  sheets  as  events  5  and  6,  although  the  traces  indicate  that  it  was  one 
continuous  incident,  which  will  be  referred  to  below  as  event  5/6.  During  this  flight 
altitude-fine  was  unserviceable  and  therefore  is  not  presented  in  Figure  8.  Superimposed 
on  the  altitude-coarse  trace  are  the  compressed  time  codes  and  event  marks  as  well  as 
the  calibration  pulses  that  appear  on  all  traces  during  each  event.  The  bottom  trace 
represents  static  temperature  computed  from  the  altitude,  total  temperature,  and  air¬ 
speed  signals. 

Events  2  and  5/6  are  significantly  longer  than  the  others,  indicating  that  after 
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the  initial  exceedance,  there  were  further  exceedances  to  reset  the  control  logics.  In 
all  five  cases,  the  storage  reel  was  activated  by  an  exceedance  of  rate  of  change  of  total 
temperature.  Events  1,  3,  and  4  are  otherwise  fairly  smooth,  whereas  Events  2  and 
5/6  are  definitely  associated  with  turbulence.  Near  the  end  of  Event  5/6,  the  turbulence 
encountered  produced  ±  £  g  acceleration  and  ±  10  knot  airspeed  excursions,  duringwhich 
the  pilot  reported  that  the  turbulence  was  moderate. 


A  most  interesting  feature  of  this  flight  was  that  Events  2  and  5/6,  those  with 
the  greatest  temperature  changes  and  turbulence,  both  occurred  over  the  same  geograph¬ 
ical  position  two  hours  apart.  The  recorder  reel  was  activated  in  each  case  by  a 
positive  temperature  change  just  on  the  west  side  of  the  Sangre  De  Cristo  Mountains  and 
continued  to  operate  in  turbulence  for  over  eight  minutes  until  the  aircraft  was  well 
south-east  of  the  range.  Doppler  winds  at  the  flight  altitude  were  from  250  degrees  at 
15  to  50  knots  in  each  case.  The  300  m.  b.  weather  charts  for  the  day  of  the  flight  show 
that  a  140-knot  jet  stream  from  240  degrees  lay  over  Albuquerque  four  hours  before 
take-off.  During  the  flight  the  jet  core  moved  southward,  maintaining  its  direction,  but 
strengthening  to  160  knots,  so  that  three  hours  after  the  flight  it  lay  across  the  south¬ 
east  corner  of  New  Mexico. 

The  most  important  observation  from  this  flight  was  that  the  magnitude  of  the 
horizontal  temperature  gradients  above  60,000  feet  considerably  exceeded  expectations. 
Event  2,  for  example,  reveals  a  static  temperature  change  as  great  as  15°C  in  three 
minutes  and  another,  near  the  end  of  the  record,  of  7°C  in  15  seconds.  There  is  evi¬ 
dence  that  the  long  wave-length  temperature  changes  of  Events  2  and  5/6  are  the  result 
of  mountain  waves,  with  the  moderate  turbulence  of  the  last  event  occurring  in  a  trough 
of  the  wave. 

5.  2  Flight  #3,  February  3,  1969 

In  the  three-hour  and  10-minute  flight  #3  there  were  only  two  exceedances, 
both  over  the  mountains  of  northern  Colorado,  with  only  two  and  one-half  minutes  be¬ 
tween  them. 

In  tho  first  of  thoso  incidents,  tho  aircraft  underwent  a  small  0. 1  g  upward 
and  downward  acceleration  bofore  pitching  up  five  degrees  and  climbing  900  feet  in 
10  seconds.  It  then  experienced  a  series  of  pitches  for  the  next  two  minutes  and  was 
returned  to  its  original  altitudo  oi  63,000  feet.  The  recorder  was  activated  by  an  8°C 
temperature  drop  during  tho  initial  climb  and  then  reset,  probably  by  both  a  0. 35  g 
acceleration  excocdanco  and  a  following  tompernture  docrease  of  12*C  in  50  seconds. 

Tho  socond  event  reveals  a  temperature  drop  of  9*C  in  30  seconds,  followed 
by  aircraft  pitching  and  0.  35  g  exceedances.  Thore  is  considerably  more  choppy  tur- 
bulonce  ovldont  in  this  incident  that  in  Event  1  of  this  flight. 

A  moro  dotailod  analysis  of  the  aircraft  response  during  Event  1  was  made 
to  determine  if  this  incident  was  a  result  of  turbulence  or  pilot-autopilot  input.  The 
results  in  Figure  11  show  load  factor,  pitch  attitude,  altitude  change,  and  computed 
vertical  gust  voloclty  for  40  seconds  at  the  beginning  of  tho  event.  Assuming  motion  in 
the  vortical  piano  only,  and  a  linoar  C\  versus  a  curve,  the  vertical  gust  velocity  was 
computod  from  tho  oquation 
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w«  ■ u  [Vg.w]  ■ u(9  •  9»> +  *  X'<n  - »  dt 

where  U  =  true  airspeed,  assumed  constant 
n  =  load  factor  in  g*s 
W  =  aircraft  weight,  lb 
q  =  dynamic  pressure,  psf 
S  =  gross  wing  area 
Cla  =  lift-curve  slope  of  the  aircraft 
0  =  pitch  attitude 

g  =  acceleration  of  gravity 
wfl  =  gust  velocity,  positive  upwards. 

The  calculations  show  that  the  aircraft  encountered  an  up  and  then  a  down 
gust,  each  with  peak  magnitude  of  slightly  over  20  ft/sec  and  a  duration  of  about  15  sec¬ 
onds.  The  20  ft/sec  vertical  gust  only  partially  accounts  for  the  average  75  ft/sec  rate 
of  climb,  the  major  part  being  a  result  of  the  pitch-up.  It  can  be  concluded  that  some 
turbulence  and  wave  activity  were  present  and  may  have  contributed  to  pilot  or  autopilot 
input  that  produced  the  900-foot  increase  in  altitude. 


6.0  CONCLUSIONS 

The  NAE  memory  recorder  turbulence  package  installed  on  an  RB-57F  has 
successfully  detected  and  recorded  several  hlgh-altitude  turbulence  and  temperature 
change  incidents,  and  clearly  demonstrated  its  applicability  to  this  type  of  program. 

For  the  flights  reported,  the  most  significant  feature  is  the  magnitude  of  the  horizontal 
temperature  gradients  encountered  at  altitudes  above  60, 000  feet.  Of  the  seven  events 
rocorded  in  theso  two  flights,  all  were  associated  with  temperature  change,  and  in  four 
of  thorn  turbulence  was  experienced. 

The  program  will  now  continue  with  the  recording  of  turbulence  and  temper- 
aturo  change  incidents  on  routine  flights,  probably  at  a  rate  of  two  flights  per  week. 
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COLDSCAN  MEASUREMENT  PARAMETERS 
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FIG.  2:  FUNCTIONAL  BLOCK  DIAGRAM  OF  COLDSCAN  INSTRUMENTATION 


FIG.  3:  MEMORY  RECORDER 


FIG.  5:  POWER  SUPPLY  AND  ATTITUDE  GYRO 
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FIG.  9  FLIGHT  #3  DATA,  FEB.  3,  1969 
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